Carbon nanotubes (CNT) have been eagerly studied because of their multiple applications in product development and potential risks on health. We investigated the difference of two different CNT and asbestos in inducing proinflammatory reactions in C57BL/6 mice after single pharyngeal aspiration exposure. We used long tangled and long rod-like CNT, as well as crocidolite asbestos at a dose of 10 or 40 mg/mouse. The mice were sacrificed 4 and 16 h or 7, 14, and 28 days after the exposure. To find out the importance of a major inflammatory marker IL-1b in CNT-induced pulmonary inflammation, we used etanercept and anakinra as antagonists as well as Interleukin 1 (IL-1) receptor (IL-1RÀ/À) mice. The results showed that rod-like CNT, and asbestos in lesser extent, induced strong pulmonary neutrophilia accompanied by the proinflammatory cytokines and chemokines 16 h after the exposure. Seven days after the exposure, neutrophilia had essentially disappeared but strong pulmonary eosinophilia peaked in rod-like CNT and asbestos-exposed groups. After 28 days, pulmonary granulomas, goblet cell hyperplasia, and Charcot-Leyden-like crystals containing acidophilic macrophages were observed especially in rod-like CNT-exposed mice. IL-1RÀ/À mice and antagonists-treated mice exhibited a significant decrease in neutrophilia and messenger ribonucleic acid (mRNA) levels of proinflammatory cytokines at 16 h. However, rodlike CNT-induced Th2-type inflammation evidenced by the expression of IL-13 and mucus production was unaffected in IL-1RÀ/À mice at 28 days. This study provides knowledge about the pulmonary effects induced by a single exposure to the CNT and contributes to hazard assessment of carbon nanomaterials on airway exposure.
applications may also endanger human health. These features include a large surface area to mass ratio, associated with increased surface reactivity, and morphological similarity of certain types of CNT with asbestos fibers. Indeed, exposing the mesothelial lining of the peritoneal cavity of mice, as a surrogate for the mesothelial lining of the chest cavity, to long multiwalled CNT (MWCNT) results in asbestos-like, lengthdependent, inflammatory behavior (Poland, 2008) . These observations merit immediate attention as they have a very remarkable impact on the risk assessment of these particular nanomaterials.
The most probable human exposure route for CNT is via inhalation (Donaldson et al., 2011) and thus macrophages located in the alveolar cavities will be the first cells to encounter and phagocytize intruding foreign matter. Macrophages orchestrate the response of other immune cells and they also express a multiprotein complex, the inflammasome, which controls the activation and maturation of the IL-1b cytokine. IL-1b belonging to the IL-1 family is one of the most important cytokines involved in the initiation and persistence of inflammation. IL-1 is produced mainly by macrophage-monocytes, but also by, eg, neutrophils, bronchial and alveolar epithelial cells, T cells, and fibroblasts. IL-1b is first synthesized as a precursor, pro-IL-1b, that lacks biological activity. The pro-IL-b is cleaved into its active form by autoactivated caspase-1 enzyme or alternatively by proteases (Dinarello, 1996; Martinon et al., 2002; Lappalainen et al., 2005) . IL-1b has been shown to play an important role in the induction of inflammation caused by long, rod-like CNT in human primary macrophages (Palomä ki et al., 2011) .
The primary objective of this study was to characterize the pulmonary effects caused by long, rod-like CNT in mice after single pharyngeal aspiration at several time points ranging from 4 h to 28 days. In addition, we included tangled CNT material in our study to investigate whether the shape of CNT plays a role in induction of immunomodulatory effects and crocidolite asbestos for testing the hypothesis that rod-like CNT cause asbestos-like pathogenicity. Furthermore, we aimed to explore the functional role of IL-b in vivo by inhibiting IL-1 receptor (IL-1R) with an antagonist as well as utilizing IL-1R knockout (KO) mice.
MATERIALS AND METHODS
Carbon nanotubes and their characterization.
• Long tangled MWCNT (T/CNT) • Long rod-like MWCNT (R/CNT) • Crocidolite asbestos
The size and morphology of the nanomaterials were characterized by transmission electron microscopy (TEM; Jeol JEM 2010 TEM; Jeol Ltd, Tokyo, Japan) and their composition by energy dispersive spectroscopy (EDS; ThermoNoran Vantage; Thermo Scientific, The Netherlands) attached to Jeol JEM 2010 TEM (Table 1) . Elemental composition shown in Table 1 is the average of 3 separate EDS analysis.
Animals. Female C57BL/6 mice (7-8 weeks old) were purchased from Scanbur AB (Sollentuna, Sweden) and B6.129S7-Il1r1 tm1Imx / J (C57BL/6 background) from the Jackson Laboratory (Bar Harbor, Maine), both quarantined for 1 week. The mice were housed in groups of 4 in stainless steel cages bedded with aspen chip and were provided with standard mouse chow diet (Altromin no. 1314 FORTI; Altromin Spezialfutter GmbH & Co, Germany) and tap water ad libitum. The environment of the animal room was carefully controlled, with a 12-h dark/light cycle, temperature of 20 C-21 C, and relative humidity of 40%-45%.
The experiments were performed in agreement with the European Convention for the Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes (Strasbourg March 18, 1986 , adopted in Finland May 31, 1990 . The study was approved by the Animal Experiment Board and the State Provincial Office of Southern Finland.
Pharyngeal aspiration. The particles were administrated using pharyngeal aspiration, a less invasive method than intratracheal instillation (Rao et al., 2003) . The study material was suspended in PBS containing 0.6 mg/ml bovine serum albumin (BSA; SigmaAldrich, St Louis, Missouri) and sonicated for 20 min. The mice were anesthetized with vaporized 4.5% isoflurane and suspended by their incisors on a thin wire on a custom made mouse support at an approximately 66 angle. A cold light source was placed against their throat to provide optimal illumination of the trachea. The tongue was pulled out using blunted forceps and pressed down using a small spatula to prevent the mouse from swallowing. Fifty microliters of the particulate suspension was delivered onto the vocal folds under visual control using an extended pipette tip (Finntip 200 Ext; Thermo Fisher Scientific Inc, Waltham, Massachusetts). Immediately after delivery, the mouse nostrils were covered enforcing the mouse to inspire the instilled suspension.
Exposure protocol. In single exposures by pharyngeal aspiration, we used a dose of 10 mg per mouse (50 ml of 0.2 mg/ml dispersion) for short-term time points (4 and 16 h), and 10 mg and 40 mg per mouse (50 ml of 0.8 mg/ml dispersion) for the longer time points (7, 14, and 28 days). The doses were selected to mimic occupational exposure conditions (Porter et al., 2010) . Mice were sacrificed shortly after the administration to study the early events involved in the initiation of the inflammatory response (4 and 16 h) and after 7, 14, and 28 days to investigate the development of the inflammation and pathological changes in the lungs.
Antagonists. To study the role of IL-1b by blocking its receptor using antagonists, we first gave an intraperitoneal dose of the antagonist(s), and performed after 16 h the pharyngeal aspiration ( Supplementary Fig. 1 ). The animals were sacrificed 4 h after the aspiration exposure. PBS contained 0.6 mg/ml BSA, 10 mg of R/CNT was given per mouse (0.2 mg/ml dispersion), and the antagonists' anakinra (Kineret; Biovitrum AB, Stockholm, Sweden) and etanercept (Enbrel; Wyeth Pharmaceuticals, Hampshire, UK) 200 mg/mouse both times.
Sample collection. The mice were sacrificed using an overdose of inhaled isoflurane. Blood was collected from the vena cava (hepatic vein), and the lungs were lavaged with PBS (800 ml for 10 s) via the tracheal tube. The bronchoalveolar lavage (BAL) sample was cytocentrifuged on a slide, and the cells were stained with May Grü nwald-Giemsa and counted under light microscopy. The BAL supernatant was stored at À70 C for cytokine analysis, and the remaining cells were fixed in ethanol (1:2). The mouse chest was opened, and half of the left pulmonary lobe was removed, quick-frozen and kept at À70 C for later RNA isolation. A part of the left lobe was embedded in TissueTek oxacalcitriol compound (OCT; Sakura Finetek, Alphen aan Den Rijn, The Netherlands), quick-frozen and kept at À70 C for later immunohistochemical staining. A slice of the lungs and BAL cells were collected from the mice, fixed with glutaraldehyde, and then prepared for electron microscopy. The rest of RYDMAN ET AL. | 141 PCR amplification. Due to the local mode of action of cytokines and chemokines, they are known to circulate in the organism at very low levels (<10 pg/ml) and used rapidly by the cells (Bienvenu et al., 2000) . Therefore cytokines and chemokines especially from the in vivo studies are often below the detection limit of many protein assays. Immunohistochemical stainings. The frozen OCT-fixed lung tissue samples were cut to 4 mm thick slides, air dried and fixed with À20 C acetone for 10 min and then stained with the Autostainer 360 (Thermo Scientific) using primary antibodies CD3 (clone 17A2; BD Pharmingen, San Diego, California), CD4 (clone RM4-5; BD Pharmingen), CD8 (clone 53-6.7; BD Pharmingen), CD11c (clone HL3; BD Pharmingen), and F4/80 (clone BM8; Acris Antibodies GmbH, Herford, Germany). Number of immunohistochemically stained positive cells were counted under light microscopy at Â400 magnification as an average of at least 5 randomly selected areas of 2 sections.
Luminex. For analysis of proteins in BAL fluid supernatants, we used a Milliplex Mouse Cytokine/Chemokine Immunoassay (Millipore Corporation, Billerica, Massachusetts) according to the manufacturers' protocol. Three percent BSA (Sigma-Aldrich) in PBS was added at a concentration of 0.5% to samples, controls, and standards to ensure sufficient protein amounts for the assay. Assay was performed using Luminex xMAP Technology (Bio-Plex 200 System; BioRad, Hercules, California).
Electron microscopy. Samples were fixed in 2.5% glutaraldehyde and postfixed in 1% osmium tetroxide, dehydrated and embedded in LX-112 (Ladd Research, Williston, Vermont). Thin sections were collected on uncoated copper grids, stained with uranyl acetate and lead citrate, and then examined with a transmission electron microscope operated at 100 KV (JEM-1220; Jeol Ltd) and photographed with Veleta TEM CCD camera (Olympus Soft Imaging Solutions GmbH, Germany).
Assessment of bacterial lipopolysaccharide content. Levels of biologically active endotoxin were measured using a kinetic chromogenic Limulus amebocyte lysate assay (Kinetic QCL; Lonza, Walkersville, Maryland) according to the instructions provided by the manufacturer. Endotoxin levels of the material samples were <0.022 EU/mg.
Statistical analyses. Data were analyzed using GraphPad Prism 5 Software (GraphPad Software Inc, San Diego, California). A 2-step strategy was applied to each experiment. Analysis of variance was carried out followed by post hoc tests for the pairwise comparisons of interest. Bonferroni correction has been applied in order to account for the family wise error rate and P < .05 has been considered as the significance threshold.
RESULTS

A Single Exposure of Long Rod-Like MWCNT (R/CNT) Causes Acute Pulmonary Inflammation Dominated by Neutrophilia
To study acute inflammatory reactions to different MWCNT, we exposed C57BL/6 mice once to long rod-like MWCNT (R/CNT) or long tangled MWCNT (T/CNT) using pharyngeal aspiration. As R/ CNT are often compared with asbestos, we also exposed the mice to crocidolite asbestos. All exposures resulted in an influx of neutrophils into the lungs of mice (Fig. 1a) indicating pulmonary inflammation. Of these 3 materials, R/CNT, but not asbestos, elicited the fastest and highest reaction reaching close to 20% of neutrophils among BAL cells at 4 h and almost 40% at 16 h. We also investigated various inflammatory markers in the lungs of mice at mRNA and protein level. At 4 h after exposure, a significant upregulation of mRNA expression of proinflammatory cytokine IL-1b, and neutrophil and lymphocyte attracting chemokines CXCL1 and CXCL9 was seen in the R/CNT-exposed mice . CXCL1 and CXCL9 were also elevated at the protein level (Figs. 1c and 1d ). CXCL1 protein correlated closely with mRNA levels, whereas CXCL9 protein was increased at the later time point. All the measured markers correlated with the pulmonary neutrophilia. Mild elevation of neutrophil-attracting chemokine CXCL1 at mRNA and protein level was also seen in the asbestos and T/CNT groups at 4 h after the aspiration.
After 28 Days of the single R/CNT Aspiration, Pulmonary Neutrophilia Still Persists Accompanied by F4/801 Macrophages and CD41 T Cells Pulmonary neutrophilia seen just after 4 h of the single R/CNT exposure still persisted after 28 days (Fig. 2a) albeit the levels were a 10-fold lower than in the acute phase. T/CNT-and asbestos-exposed mice no longer showed pulmonary neutrophilia. The numbers of F4/80 positive macrophages were highest after R/CNT aspiration, followed by T/CNT and then asbestos (Fig. 2b ). CD4þ T cells were recruited to lungs after the CNT exposure in a dose-dependent manner but no significant differences were observed between the 2 types of CNT. However, the asbestos aspiration resulted in significantly lower numbers of CD4þ T cells when compared with exposure to R/CNT (Fig. 2c) . Interestingly, the mRNA levels of proinflammatory cytokines TNF and IL-1b were still upregulated after 28 days of single exposure to R/CNT (Figs. 2d and 2e ). In line with this, the expression levels of profibrotic cytokine TGFb were significantly increased in the R/CNT-exposed mice but slightly decreased in mice exposed to 40 mg of T/CNT or asbestos (Fig. 2f) .
Interstitial macrophages (IM) displaying the phenotype F4/80þCD11c represent about 0.2% of the total BAL cells and are confined to the interstitial compartment (Bedoret et al., 2009) supernatant, respectively. Columns and error bars represent mean values 6 standard error of mean (SEM; n ¼ 8). *P < .05; **P <.01; ***P < .001. Asbestos, crocidolite asbestos; C, vehicle-treated control group; R/CNT, rod-like multiwalled carbon nanotubes; RU, relative units; T/CNT, tangled multiwalled carbon nanotubes.
inside lung tissue. IM were tightly gathered around R/CNT bundles and individual fibers (Figs. 3a and 3b ).
R/CNT Induces Strong Granuloma Formation and the Presence of Acidophilic Macrophages in the Lung Tissue 28 Days After the Aspiration
Because an active inflammation still persists after a month, changes are also seen in the tissue morphology. Numerous granulomas were observed around and close to the CNT (Figs. 4a and 4b ) increasing in number with the dose (Fig. 4c ).
Granulomas were seen in both CNT-exposed groups but the granuloma area formation was clearly higher in R/CNT-exposed mice when compared with T/CNT-exposed mice. Exposure to asbestos showed no granuloma formation (Fig. 4c) . The TEM revealed numerous fiber-like structures located in macrophages' cytoplasm and between cells (Fig. 5a ). These crystals resemble Charcot-Leyden crystals found in people who have allergic diseases such as asthma and are likely formed from the breakdown of eosinophils (Guo et al., 2000) . Affected macrophages, also called acidophilic macrophages, were also Results are shown in relative units (RU). Columns and error bars represent mean values 6 standard error of mean (SEM; n ¼ 8). *P < .05; **P < .01; ***P < .001. Asbestos, crocidolite asbestos; C, vehicle-treated control group; R/CNT, rod-like multiwalled carbon nanotubes; T/CNT, tangled multiwalled carbon nanotubes.
found in interstitial areas of lung tissue (Figs. 5c and 5d) (Green, 1942; Murray and Luz, 1990) . Acidophilic macrophages were also seen in the lungs of T/CNT and asbestos-exposed mice, but to a much lesser degree (Fig. 5b) . As these crystals pointed to a T-helper (Th) 2 type inflammation, we investigated mucus secretion in the airways and the expression of Th2-type cytokines. Mucin-producing goblet cells were found in great numbers associated especially to R/CNT (Figs. 6a and 6b) . Also asbestos caused some mucus production, but to a lesser degree compared with R/CNT (Fig. 6c) . As IL-13 has also been linked to Charcot-Leyden-like crystal formation (Zhu et al., 1999) , we examined its expression and observed that R/CNT-exposed mice showed a dramatic increase in IL-13 mRNA with both doses (Fig. 6d) . T/CNT and asbestos showed an insignificant induction of IL-13 mRNA.
The Role of IL-1b Linked Closely to TNF Is Important in the Acute Phase of Inflammation Caused by R/CNT We have previously demonstrated in vitro that IL-1b plays an important role in the inflammation process caused by R/CNT (Palomä ki et al., 2011) . To find out whether TNF and IL-1b have significant roles also in vivo, we used etanercept (TNF inhibitor; Feldmann and Maini, 2003; Lories et al., 2007) and anakinra (IL-1 receptor antagonist; So et al., 2007; Mertens and Singh, 2009 ) to block the effects of TNF and IL-1, respectively. With the lower dose of 10 mg/mouse and the earlier time point of 4 h, both antagonists given separately and together resulted in a clear and significant decrease in neutrophils as well as in mRNA expression of IL-1b and TNF (Fig. 7a) as compared with the exposed group.
We also utilized IL-1R-deficient mice to explore the role of IL-1 signaling in the R/CNT-induced acute lung inflammation. In line with the antagonist experiments, neutrophils in the BAL were significantly reduced as well as the mRNA levels of neutrophil attracting chemokines CXCL5, 1 and 2 (Fig. 7b) in IL-1RÀ/À mice when compared with their WT controls.
After 28 Days the Lack of IL-1 Receptor Affects Neutrophilia, Macrophage Phenotype, and TNF, but Th2-Related Signals Remain Unchanged After 28 days, the R/CNT aspiration-induced neutrophilia was significantly lower in the IL-1RÀ/À mice (Fig. 8a ) and the Columns and error bars represent mean values 6 standard error of mean (SEM; n ¼ 8). **P < .01; ***P < .001. C, vehicle-treated control group; 10 and 40 mg of R/CNT. numbers of CD4þ T cells remained somewhat unchanged (Fig.  8b ) when compared with wild type (WT) mice. However, the phenotype of macrophages in lung tissue showed a distinct difference between WT and KO mice. Both mice expressed F4/80þ macrophages ( Fig. 8c ), but KO mice also exhibited CD11cþ cells (Fig. 8d) indicating a switch in the class of macrophages toward the alveolar (AM) phenotype. The R/CNT-induced expression of proinflammatory TNF was significantly impaired in the IL-1RÀ/À mice when compared with WT control mice. On the other hand, profibrotic cytokine TGF-b (Fig. 8f) and the Th2-associated features, IL-13 and mucus production, were not affected by the lack of the IL-1 receptor pathway (Fig. 8g) . Moreover, no significant difference in the granuloma formation between the WT and KO mice was seen (data not shown).
R/CNT and Asbestos Induce Remarkable Eosinophilic Influx into Lungs at Day 7 that Diminishes by Day 14
Because Charcot-Leyden-like crystals were found in alveolar macrophages after 28 days, we were interested in studying the events taking place between 16 h and 28 days to find out whether the crystal formation could be a result of Th2-type inflammation that had not yet emerged at 16 h. We performed similar oropharyngeal aspiration experiments in mice and investigated material-induced effects at day 7 and 14.
We found that the R/CNT and asbestos exposure induced notable changes in the proportions of recruited cells at day 7 in comparison with 16 h (Figs. 9a-c) . The eosinophil influx had increased considerably by day 7 (Fig. 9b) , while the number of recruited neutrophils was lower compared with the one seen at 16 h (Fig. 9c) . In contrast to the healthy lung tissue of vehicletreated mice (Supplementary fig. 2a ), eosinophils were seen in interstitial areas in lung tissue of R/CNT-exposed mice (Supplementary fig. 2b ) supporting the presence of eosinophils detected in airways. Infiltration of eosinophils into lung tissue was greatest in response to R/CNT but the cells were also found in the tissue of asbestos-treated mice and few in mice that received T/CNT. At day 7, all materials had activated epithelial cells. Mucin-producing goblet cells were found in increased numbers especially in R/CNT and asbestos-exposed mice (Supplementary fig. 2c ). Exposure to T/CNT caused only a very minor goblet cell activation compared with other materials. A significant induction of mRNA expression of proinflammatory cytokines IL-1b and TNF was seen only in R/CNT-treated mice 7 days after the exposure (Supplementary figs. 3a and 3b) . Expression of Th2-type cytokine IL-13 was elevated in response to all materials, especially R/CNT (Supplementary fig. 3c ), while expression of fibrosis-associated cytokine TGF-b was notably triggered only in response to R/CNT treatment (Supplementary fig. 3d ). We also measured the expression of eosinophilattracting chemokines CCL11 and CCL24 and found that their production was highly elevated especially after R/CNT treatment. Asbestos and T/CNT also triggered their expression although to a lesser degree (Supplementary figs. 3e and 3f). Elevated expression of IL-13, CCL11, and CCL24 supports the eosinophilic influx seen in airways and lung tissue. Formation of Charcot-Leyden-like crystals was not seen at day 7 in any treatment groups; however, we found their IL-13 mRNA presence at day 14 in lung tissue of R/CNT and asbestosexposed mice but not in T/CNT-treated mice (Supplementary figs. 4a-d) . Furthermore, we found that the number of eosinophils had decreased notably in R/CNT and asbestos-treated mice by day 14 in comparison with day 7 (Fig. 9) . Similar trend was seen in H&E-stained lung tissue of R/CNT and asbestosexposed mice where less eosinophils were detected at 14 days than at 7 days. Few or no eosinophils were found in the tissue of T/CNT-treated mice (images not shown). Comparable with that at day 7, mucin-producing goblet cells were found in increased numbers especially in R/CNT and asbestos-exposed mice at day 14 ( Supplementary Fig. 5 ). Expression levels of the TNF mRNA Columns and error bars represent mean values 6 standard error of mean (SEM; n ¼ 8). *P < .05; **P < .01; ***P < .001. C, vehicle-treated control group; R/CNT, rod-like multiwalled carbon nanotubes; 10 and 40 mg per mouse.
cytokines and chemokines that we measured after 7-day follow-up experiment were lower at day 14; however, the trends between treatment groups were similar at both time points (data not shown).
DISCUSSION
There is a growing amount of data on CNT-induced pulmonary inflammation due to the vast heterogeneity of the produced CNT. In this study, we compared inflammatory reactions from 2 differently shaped (T/tangled and R/rod-like) long MWCNT and asbestos. The inflammation and eventually fibrosis induced by asbestos exposure has been linked to the length of the fiber and resulting frustrated phagocytosis. It has been therefore proposed that also long CNT could have asbestos-like pathogenicity. Indeed, CNT have recently been shown to induce inflammation where long fibers elicit an inflammatory response in the pleural cavity also via frustrated phagocytosis in macrophages (Murphy et al., 2012) . The same group has also shown that long, but not short, CNT were capable of causing inflammation in the peritoneal and pleural spaces. Our results throughout this study demonstrate that asbestos aspiration induces less aggressive inflammation than R/CNT. It may be, however, that the mechanisms behind the inflammatory reactions differ between the carbon nanomaterials and asbestos. Indeed, it has been shown that it takes at least 40 days for clear signs of fibrosis to appear after asbestos exposure (Sabo-Attwood et al., 2005) .
The acute reactions in our study show a fast and dramatic inflammation in the R/CNT-exposed mice dominated by pulmonary neutrophilia, proinflammatory cytokine IL-1b, and chemokines CXCL1 and CXCL9. T/CNT and asbestos also elicited neutrophilia and CXCL1 production but to a lesser extent. IL-1b has been shown to mediate inflammation in association with the development of pulmonary fibrosis. Data from Kolb et al. (2001) demonstrate how acute tissue injury in the lung, initiated by a highly proinflammatory cytokine, IL-1b, converts to progressive fibrotic changes. In addition, it has been shown that pulmonary inflammation caused by IL-1b is characterized by neutrophil and macrophage infiltrates, goblet cell hyperplasia, airway thickenings, and fibrosis-a lung condition with features of both chronic obstructive pulmonary disease and asthma (Lappalainen et al., 2005) . By day 7, R/CNT-triggered acute phase reactions had changed notably because high infiltration of eosinophils into lung tissue and airways, activation of goblet cells and upregulated expression of cytokine IL-13, and chemokines CCL11 and CCL24 was seen especially in response to R/CNT exposure. These characteristics are common for Th2-type, allergy-like response (Galli et al., 2008) . However, the number of eosinophils was diminished and mRNA levels of different cytokines and chemokines had decreased considerably by day 14, while mucin-producing goblet cells were still activated. Interestingly, after a month of the single aspiration of R/CNT, we could still see an active inflammation, presence of mild neutrophilia, and expression of proinflammatory cytokines TNF and IL-1b and pro-fibrotic TGF-b. Supporting this, we could also see distinct granuloma formation in the lung tissue of R/CNTtreated mice. A study done with single-walled CNT and intratracheal instillation showed that exposure of CNT may indeed induce early lung fibrosis and subchronic tissue damage (Park et al., 2011) . However, in some cases inhaled MWCNT may require pre-existing inflammation to cause airway fibrosis (Ryman-Rasmussen, 2009 ). The strong granuloma formation still suggests that also in our study settings we would likely see lung fibrosis at a later time point. This hypothesis is supported also by the formation of fibrosis at a later time point with asbestos (Sabo-Attwood et al., 2005) . In contrast to R/CNT and T/CNT treatment, granulomas were not found in lungs of asbestos-exposed mice. Lack of granuloma formation in response to intratracheally instilled asbestos has been reported also in an earlier study (Murray et al., 2012) .
It has been shown that ENM sometimes promote a Th2-associated pathophysiology. MWCNT have been shown to cause epithelial damage leading to IL-33 production, innate lymphoid cell recruitment, and IL-13-dependent inflammation (Beamer et al., 2013) . In another study, they increased the systemic immune response in a dose-dependent manner, also affecting the airway allergic inflammation and remodeling (Ronzani et al., 2014) . In this study, we observed a notable recruitment of eosinophils in lungs at day 7. Eosinophil infiltration was supported by elevated expression of Th2 cytokine IL-13 and eosinophil-chemoattractants CCL11 and CCL24. Furthermore, we found that both R/CNT and asbestos are able to activate goblet cells already at day 7, while T/CNT trigger mild mucus production by day 14. A link between asbestos and Th2-type response has been reported earlier by Sabo-Attwood et al. (2005) who evidenced mucus production and increased cytokine levels of IL-1b, IL-4, and IL-6 in BAL fluid after inhalation of chrysotile asbestos demonstrating Th2-type response and its possible association to asbestos-induced mucus production. Characteristics of Th2 response could be seen also at day 28 when a slight goblet cell hyperplasia and minor production of IL-13 mRNA was detected. A study by Zhu et al. (1999) , utilizing IL-13 transgenic mice, reports mucus cell metaplasia, airway fibrosis, airway obstruction, nonspecific AHR, and the deposition of Charcot-Leyden-like crystals as resulting from pulmonary expression of IL-13. Interestingly, we discovered for the first time a formation of Charcot-Leyden-like crystals, previously not been linked to ENM exposure to our knowledge. These crystals were found intercellularly in interstitial areas and intracellularly in macrophages resembling acidophilic macrophages described in detail by Murray and Luz (1990) . In humans, the Charcot-Leyden crystals occur in many conditions associated with eosinophilia (Janin et al., 1993; Lao et al., 1998) . After the breakdown of eosinophils, a soluble protein lysophospholipase is released from eosinophils and phagocytized by macrophages. Gradually increasing concentration of the protein in phagosomes results in its crystallization. As the crystals become larger in macrophages, they can pierce the cells or be discharged into extracellular space (Lao et al. 1998) . The latter explains the occurrence of large intercellularly located needle-shaped structures seen in our study. In mice, the cytokines IL-13 and IL-5 have been associated with their formation and asthma is also proposed as a candidate (Murray and Luz, 1990; Huffnagle et al., 1998; Guo et al., 2000; Henderson et al., 2002; Ma et al., 2008) . In our study, the number of eosinophils peaked at day 7 after the administration of R/CNT and asbestos. Their numbers were diminished by day 14 and crystal formation was observed indicating eosinophil disintegration. Low numbers of eosinophils were seen on day 7 and 14 in T/CNT-treated mice; however, crystal formation was not evident by day 14 while they were found at day 28. These results suggest that T/CNT have a lower potential in triggering immunomodulatory effects and thereby cause the formation of the crystals later than other materials.
The R/CNT exposure causes an influx of cells in the acute phase that changes radically in composition over 28 days. Less dramatic, but still significant neutrophilia persists in the R/CNT group after 28 days. In addition, F4/80þ macrophages and CD4þ T cells could be seen in both CNT-exposed groups. The macrophages were further characterized as F4/80þCD11c-cells, thus showing the phenotype of IM. IM are a population of cells whose functions are poorly known so far. Bedoret et al. (2009) characterized IM and compared them with alveolar macrophages (AM, F4/80þCD11cþ), the most abundant cells in the airway lumen. According to their study, the IM are more effective in stimulating T-cell proliferation and AM has better phagocytic potential. IM, but not AM, also has the capacity to prevent airway allergy and inhibit the primary T-cell activation. However, it seems that IM were not able to prevent the Th2 response in our study.
Because of previous studies demonstrating the importance of IL-1b in response to particle and fiber exposure from our group and others (Yazdi et al., 2010; Palomä ki et al., 2011; Meunier et al., 2012; Girtsman et al., 2014) , we investigated its role further using antagonists etanercept (TNF) and anakinra (IL-1b) and IL-1RÀ/À mice. Indeed, we saw convincing reduction in neutrophilia, levels of cytokines IL-1b and TNF, and the chemokines CXCL1, CXCL2, and CXCL5. These effects induced by the antagonists suggest a close link with IL-1b and TNF. It is known that IL-1b and TNF are both proinflammatory cytokines with different structures and receptors, but overlapping biological properties which often act synergistically (Dinarello, 1996; Feldmann and Maini, 2003) . At the 4-h time point, it seems that shutting just one cytokine down prevents the acute inflammatory response. However, when we looked at the later time point after 28 days of exposure, ongoing process seems to be more complex. Neutrophilia was still blocked, but with the Th2-type markers (IL-13 and goblet cells) and granuloma formation (data not shown) there was no difference between the KO and WT mice. IL-1b seems to have no effects on TGF-b levels either. There was, though, one notable difference; only IL-1RÀ/À mice exhibited CD11cþ cells after the exposure to R/CNT. It is possible that the macrophages were in fact AM and not IM like in the WT mice, or an influx of dendritic cells (F4/80-CD11cþ) was observed. These data indicate that IL-1b regulates the effects associated with Th1-type response but does not affect the Th2-related reactions.
CONCLUSIONS
Present findings show that R/CNT is considerably more potent to induce lung inflammation than asbestos and T/CNT; however, R/CNT-induced effects are qualitatively quite similar to those caused by asbestos. A single aspiration of R/CNT causes acute pulmonary neutrophilia which is mediated via IL-1 signaling as evidenced by the effects of the antagonists as well as when utilizing IL-1R KO mice. It is of interest that 1 month after the R/CNT exposure, significant ongoing inflammation can still be seen and it is only partially regulated by IL-1 signaling as Th2-associated features were not diminished. R/CNT-triggered pulmonary inflammation exhibits features associated to Th2-type inflammation including the presence of eosinophils, goblet cell hyperplasia, expression of allergy and fibrosis-associated cytokines, IL-13 and TGF-b and eosinophil-attracting chemokines CCL11 and CCL24, and more interestingly, crystal containing acidophilic macrophages previously associated to eosinophilia and Th2 signaling molecules. This study provides insight on the pulmonary effects induced by a single exposure to CNT and in that way contributes to hazard assessment of carbon nanomaterials upon inhalation exposure, and demonstrates the involvement of IL-1b in mediating the development of CNT-triggered inflammatory processes.
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